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ABSTRACT 

We have examined the HEAO A-2 + all sky data base for 2-10 keV X-ray 
emission from the 225 Abell clusters of galaxies listed In Abell's (1958) catalog 
which are of distance class four or less, and are within the fraction of the 
sky surveyed completely by Abell. Thirty-two identifications of clusters with X-ray 
sources were made, for which we present 2-10 keV fluxes and 90% error boxes; twelve 
of these Identifications are new. We have derived the X-ray luminosity function 
for this statistically complete sample, and have found the best exponential fit 
(between 0.5 x 10^ erg s" 1 and 10^ ergs" 1 ) to be f(L) = 20.2 x 10‘ 8 exp (-L^/1.9) 
per Mpc 8 per 10^ erg s” 1 per 2-10 keV. The relationship between X-ray luminosity 
and richness has also been examined and a correlation has been found 
for richness classes 0, 1, and 2. We have also looked at the relation- 
ship of of X-ray luminosity, Bautz-Morgan type, and Rood-Sastry type 
and have found that BM Type I's and RS type cD and B have the greatest 
average luminosity. The contribution of clusters to the X-ray back- 
ground has been calculated from the luminosity function and has been found 
to be 5Z, and with 90% certainty, less :han 8% in the 2-10 keV band pass. 

^Also Dept, of Physics and Astronomy, Univ. of Maryland 
2 Now with CIT 

The A-2 experiment on HEAO-1 was a collaborative effort led by E. Boldt 
of GSFC and G. Garmire of CIT with collaborators at GSFC, CIT, JPL and UCB. 


I . INTRODUCTION 


Clusters of galaxies have been of considerable Interest as X-ray sources 
since Gursky et al. (1971,1972) first reported that rich Abell clusters have 
X-ray luminosities as high as 10* 5 erg s - ^. Since then many of the optically 
unidentified high galactic latitude objects detected with Uhuru and later satellites 
have been Identified as clusters of galaxies, and rich clusters are now uni- 
versally recognized as an important class of X-ray emitting objects. It is 
therefore highly desirable to survey as large and as unbiased a sample of clusters 
as possible in order to accurately determine cluster properties and their inter- 
relationships. The HEAO A-2 survey is the largest statistically complete X-ray 
survey done to date. 

The survey is drawn from Abell's (1958) catalog of rich clusters of galaxies, 
and comprises all clusters in the catalog which are of distance class four or 
less (z £ 0.1), and are within the 4.65 steradians of the sky surveyed completely 
by Abell. There are 225 clusters which meet these criteria. We have searched 
the HEAO A2 all sky data base for 2-10 keV X-ray emission from each of these 
clusters, and report on twelve new identifications, as well as on the correlation 
of the cluster X-ray luminosities with BM type and richness, and present a new 
X-ray luminosity function for Abell clusters. 

II. THE EXPERIMENT 

The HEAO A-2 experiment consisted of six mechanically collimated proportional 
counters spanning 2-60 keV in spectral response. The detectors scanned a great 
circle in the sky every half hour while the spin axis remained continually 
pointed at the sun. In this manner the entire sky was scanned in the course 
of a year as the great circle scans precessed one degree per day (see Rothschild 
et al. 1978 for a detailed description of the instrument). The fluxes which we 
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report here were obtained using the 1^° x 3° fleld-of-vlew collimator and are 

given In "R15" units, a term defined by Marshall et al. (1979). An R15 unit 

Is about 1 Uhuru flux unit, but the exact conversion to UFU's Is spectrally 

dependent since the R15 unit comprises the 4-17 keV band at half efficiency, 

while the Uhuru flux unit corresponds to 2-6 keV. Specifically, In terms of 
-2 -1 

erg cm s , an X-ray source described by a power law with photon Index a * 

-11 -2 -1 

1.5 gives 1 R15 count per second per 2.1 x 10 erg cm s In the 2-10 keV 

band. For thermal bremsstrahlung sources (such as clusters, presumably) 1 R15 

-1 1 -? -1 

count per second corresponds to 2.8 x 10 erg cm s In the 2-10 keV band If 
kT = 4 keV, 2.5 x 10' 11 if U » 7 keV, and 2.1 x 10' 11 erg cm' 2 s* 1 If kT = 

9 keV. Most known clusters sources fall within the range kT ^ 4-9 keV (0S0-8 
survey; Mushotzky et al. 1979). We do not as yet have temperatures for all the 
clusters we have observed, and have therefore assumed kT = 7 keV in order to 
convert R15 counts to approximate fluxes and luminosities. The maximum systematic 
error in the flux incurred by this assumption is 20% If the cluster kT Is within 
the 4-9 keV range observed with 0S0-8. The la counting statistics error is 
smaller, however, being typically 0.2 R15 counts per second. 

III. OBSERVATIONS 

a. Selection Critera and Error Boxes 

The survey sample consists of all clusters of distance class four or less 
which are within the fraction of the sky surveyed completely by Abell (1958). 

This implies that the clusters are at galactic latitudes of absolute value greater 
than 20°, declinations more northerly than -20°, and z's greater than 0.01. The 
sample differs from Abell's (1958) "statistical sample" only in the inclusion of 
richness class zero clusters and the cut-off at distance class four. It is desirable 
to include richness class zero clusters since these determine the low-luminosity 
behavior of the luminosity function. Richness class zero clusters are certainly 
not completely identified for distance classes 5 and 6, but probably are for 
distance class four and less. This is evidenced by the fact that the fraction of 
clusters in a given distance class which are richness class zero clusters is 
nearly constant in our sample: the fraction is 0.41, 0.46, and 0.57 for distance 
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classes 1+2, 3 and 4 respectively. The optical data base Is probably not unduly 
biased, therefore, by the inclusion of the R=0 clusters. The X-ray data base was 
searched for evidence of emission from the 225 clusters which meet the criteria 
described above. The A-2 data base consists of the sum of several days' overlapping 
great circle scans of a given position in the sky. In order for an X-ray source 
to be considered as real, we have required that a point source model of the col- 
limator response decrease x by 11.0 as compared to a uniform sky model. The 
probability that a source that meets this requirement is spurious, 
is 0.005. Thus with 225 cluster candidates, the number of possibly spurious 
sources is 1.1. The source position is determined in terms of a scan angle, and 
a coordinate orthogonal to this, and then transformed to R.A. and dec. The 95% 

error interval in the scan angle is obtained by observing how far the source 

# o 

must be displaced from the best fit position to cause an increase in x of 6.2. 

(Intensity and background are treated as free parameters when the source is 

displaced. The procedure follows that of Lampton, Margon and Bowyer 1976). The 

position coordinate orthogonal to the scan angle is obtained by modeling the data 

one day at a time and looking for a triangular response to the source as the day 

on which the source is centered approaches and recedes. This data is modeled 

and a position and a 95% error interval is obtained as above. The 95% error 

intervals combine to define a 90% error box. We have required that the associated 

cluster lie within this error box in order to be identified with the X-ray source. 

An error box such as defined above can be made for sources of intensities 
greater than 0.3 R15 counts per second but all of the claimed detections in 
this paper have fluxes > 0.5 R15 units. Below this sensitivity limit (0.3), the x 2 
fit to a point source differs by less than 6.2 from the fit obtained with back- 
ground alone. Our survey limit is defined by source confusion, however, rather 
than sensitivity. The log N - log S Curve derived from the HEAO A-2 data is 
given by N(>s) - 12.3 s"^ 2 sr"^ (with S in R15 units), and predicts 158 
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source* brighter then 0.5 R15 counts within the sres covered by the sur- 
vey (4.65 sr). The average sise of an x-ray error box in Table 2 is 
1.2 square degrees. Thus for 225 dusters, we would expect, by chance, 
to make N false identifications where N is given by 
N - (225 x 1.2°/ 4.65 sr) * 158 - 2.8 

For a minimum flux of 0.7 the number of expected coincidences drops to 

1.6. We have used 0.5 as the confusion limit and required that the cluster 

fluxes exceed this in order to identified as x-ray sources. Our 
statistical sample consists of dusters brighter than 0.7 R15, however, 
which is the completness limit (see below), 
b. Results 

The results of the observations are listed in Table 1. Column one contains 
the Abell number, column two is the count rate in R15 units with lo error, column 
three is the 2-10 keV X-ray luminosity expressed in units of 10* 4 erg s"^ and 
obtained by assuming kT = 7 keV; column four lists the cluster redshifts, columns 
five, six and seven contain cluster richness class, Bautz-Morgan type and distance 

class from the Abell (1958) and Leir - van den Bergh (1977) catalogs, and the last 

column contains the cluster contribution to the X-ray luminosity function which 
is discussed in Section IV. Table 2 lists the accompanying 90% error boxes 
for the clusters in Table 1. The 1950 right ascension and declination of the 
X-ray source are followed by the coordinates of the vertices of the error box, 
and the area of the error box in square degrees. Table 3 lists the best fit 
intensities and la errors for the non-detections in our sample. Our results are 
in agreement with those of Ricketts (1978) and Jones and Forman (1978) with the 
exception of Abell 576, A1767 and A2657. For a discussion of A576 see Pravdo et al . 
1979. We estimate that Table 1 is ^ 80% complete to 0.7 R15 counts per second; 
this is based on the observation that a source of this amplitude may be reduced 
to the confusion limit (0.5) with a resulting increase in x’ of 4 (corresponding 
to an 80% confidence interval). 
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IV. ANALYSIS 

Prior to the HEAO experiments the most comprehensive list of X-ray sources 
associated with clusters of galaxies was the combined Second Ariel and Fourth 
Uhuru Catalog listings compiled by Jones and Forman (1977). This compilation Is 
estimated by them to be complete to 2.5 Uhuru counts. The list of HEAO A-2 
detections In Table 1 Is estimated to be 80% complete to 0.7 R15 (% UFU), a factor of 
three Improvement In sensitivity and thus represents a new basis for analysis of 
the relationships of X-ray luminosity, Bautz-Morgan class, and richness, and 
provides the data for an Improved X-ray luminosity function of Abell clusters. 

It should be borne In mind that our search list of 225 clusters represents a 
statistically homogenous and complete sample of clusters. It Is not a complete 
list of known clusters. Thus, If a cluster is not listed In Table 1, non-detection 
by HEA0-A2 Is implied only if the cluster Is an Abell cluster meeting Abell's statistical 
sample's galactic latitude and declination restrictions Is of distance class four 
or less. 

a. Luminosity and Bautz-Morgan Class 

Figure 1 shows the relationship of X-ray luminosity and Bautz Morgan class 
for clusters in Table 1 which have fluxes greater than 0.7 R15. (A133 is not shown 

as It has not been classified in the BM system). There Is a large amount of scatter 
in the diagram, but the median Type I luminosity Is greater than that of Type III 
(9.4 x 10 44 erg s” 1 vs. 3.1 x 10 44 erg s "b. Further, Figure 2 Illustrates that 
Type I and I-II are more likely to be X-ray emitters than are later types. McHardy 
(1978) has suggested that within a given richness class, there might be a tighter 
relation between X-ray luminosity and BM type. In Figure 1 we have Indicated clusters 
of richness class 2; the distribution with luminosity Is not significantly dif- 
ferent than that for all clusters. We have computed differential luminosity 
functions for BM classes I-(I-II), II-(II-III) and III, and fitted them with 
exponential forms, so that dN/dL, the differential luminosity function is approxi- 
mated by Ke" L ^ t '°, where L Q Is the e-foldlng luminosity. The calculation of the 
luminosity function is discussed In detail below; here we wish only to compare 






■ 7 - 


e-foldlng luminosities for the BM classes. These are tabulated In Table 4, along 

2 

with 66 % confidence brackets, c o rre s pon d ing to an Increase In x of 2.1 as 

o 

compared to the best-fit x (Lampton, Margon and Bowyer 1976). The e-foldlng 

2 

luminosities Increase smoothly from Type III to I and Ml, but the x test 

2 

shows that there Is only a 75.0% chance ( corresponding to a of 1 .4) 
that the Type I-(I-II) e-foldlng luminosity Is greater than that of Type III. 
b. Rood-Sastry Type 

Figure 3 Is a plot of X-ray luminosity versus Rood-Sastry type (Rood 
and Sastry 1971). The plot Includes only the sample clusters of distance class 
three or less that have been classified since the Rood-Sastry system does not 
extend to class four or Include all class three clusters. In the past, Bahcall 
(1974) has stated that there Is a correlation of X-ray luminosity with Rood-Sastry 
type, while more recently, Jones and Forman (1978) have claimed that this Is 
simply a selection effect In that existing low luminosity cD clusters were below 
the sensitivity limits of Uliuru and Ariel. Our sample of distance class three 
(and closer) clusters contains 21 cO-B clusters, of which 11 were detected by 
A-2, and 33 ICF clusters, of which 10 were detected. There are only 3 L clusters 
In the sample, of which one was detected . 

To answer the question as to whether or not there Is a real difference 
between the cD-B luminosities and the ICF luminosities, we have calculated 
luminosity functions for each, and again fit the calculations with an exponential 
(Table 4). The fitted functions satisfy the constraints provided by the non- 
detections. The x 2 test shows that there Is a 95% chance (which corresoonds to 
Ax 2 of 4.6) that the cD-B e-foldlng luminosity Is greater than the ICF e-foldlng 
luminosity. We also note that of 11 RS Type I clusters In the sample, the most 
luminous is 1.3 x 10 44 erg s’ 1 while of the cD-B clusters, 11 out of 21 exceed this 
luminosity. In view of this fact and the result of the luminosity function 
comparisons, we conclude that there Is certainly a correlation of X-ray luminosity 
and Rood-Sastry type. This may of course be a by-product of the correlation 
between richness and luminosity, as most cD clusters are richness class 2 
clusters as well. (Also noted by Jones and Forman 1978). 


- 8 - 


c. Luminosity and Richness 

It has been pointed out by several authors (Jones and Forman 1978* deRoux 

and van den Berg 1977) that BM type Is related to richness; that Is Type I 

clusters are more often found among richness class 2 clusters than among 1 or 0 . 

Any relationship between X-ray luminosity and BM type, or Rood-Sastry type may 

therefore simply be a by-product of the luminosity— richness relationship. The 

luminosity-richness relation 1$ thus of fundamental Importance. Abell (1958) 

defines richness class 2 as clusters containing from 80-129 galaxies no dinner 

than 2 magnitudes than the third brightest cluster member, class 1 corresponds 

to 50-79, and class 0 from 30-49. Our sample contains 21 richness class 2 

clusters, of which 11 were detected, 87 richness class l's, of which 14 were 

detected, and 115 richness class 0 clusters, of which 7 where detected (Figure E). 

Two richness class 3 clusters are also In the sample, neither of which were 

detected. In Figure 4 we have plotted X-ray luminosity versus Abell's richness 

class for our complete sample (flux > 0.7 R15). The results expressed In Figs. 4 and 5 

conform to expectations based on the Second Ariel -Fourth Uhuru results and theories of 

X-ray emission. The median 2-10 keV luminosities of the detected clusters for 

richness classes 0, 1, and 2 are 2.5 x 10 44 erg s"^ , 4.5 x 10 44 erg s ” 1 and 9.4 x 
44 -1 

10 erg s , respectively. The luminosity function has been calculated and 

fitted by an exponential for each class , and the e- folding luminosities are listed 

In Table 4. There is only a 75.0% chance (Ax 2 * 1*4) that the class 0 and 

2 

class 1 luminosities are different, but there is a 95% (Ax ■ 4.6) chance that the 
class 2 luminosity Is greater than that of class 0. The class 2 and class 1 
e-foldlng luminosities can be said to be different with 84% confidence, or 
A X 2 * 3.2. 
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d. Luminosity Function 

As well as providing the number density of clusters of a given X-ray 
luminosity, the luminosity function Is of Interest In that It provides the 
average cluster luminosity and an estimate of the contribution of X-ray clusters 
to the diffuse X-ray background. Prior to the HEAO-1 mission the best available 
X-ray luminosity functions have been those of HcHardy (1978) and Schwartz (1978) 
which are based on the Second Ariel and Fourth Uhuru Catalogs. Schwartz, using 

the Uhuru data base, has drawn on the same sample of Abell clusters as our own, 
and computed the luminosity function for clusters In distance class less than or 

equal to three and brighter than 2.S UFU, of which there are 6. McHardy has 
employed the Ariel 5 data, but has not limited himself to a statistically 
complete sample; there are 20 X-ray clusters In his sample brighter than his 
survey limit of 0.6 Ariel counts per sec (~ 1.5 UFU). The present survey has 
been designed expressly for the purpose of re-calculating the luminosity function, 
using as a basis one which Is as large and unbiased as possible. The greater 
ser.sltlvlty of the A2 detectors, as compared to the Uhuru and Ariel experiments, 
makes It possible to reliably extend the luminosity function to distance class 
four. As a result of the A2 detections, there are now 30 sources identified as 
clusters brighter r.ian 0.7 R15 in thestatlstlcal sample (D < 4) available for 
calculation of a luminosity function, as compared to 15 well known sources. 

Table 5 lists the calculated values of the differential luminosity function 
dN/dl, and Figure 6 Is a graph of this function. Only clusters brighter than or 
equal to 0.7 R15 are Included as this 1$ the completeness limit. The clusters 
have been binned In Intervals In containing three clusters each and the 
volume density In each bin h^s been divided by the luminosity range of the bln 
so that the units of the luminosity function f(L), are Mpc"* per 10 4 * erg s”^ 
per 2-10 keV. The contribution of each cluster to the luminosity function has 
been calculated by the maximum volume method, l.e. the distance to which a given 
cluster could be removed and still be brighter than 0.7 R15 1 ms computed along 
with the corresponding volume. This volume Is not allowed to exceed the sample 
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volume, which Is limited to z < 0.1. The maximum distance of detection and 
volume has been computed to first order In z; that Is, volume ■ (cz/H) . This 
Is exactly true for q * 1, and Introduces a maximum error of 15* If z ■ 0.1 
and q - 0. Even If q ■ 0, however, the error Is negligible (< IX) for z < 0.05. 
The test for an unbiased sample Is that the average value of V/V nax should be 
0.5; for our cluster sample this average Is 0.55 ♦ 0.10. The standard deviations 
listed in Table 5 were calculated via Felten's (1976) formula (Equation 18). 

We have found that the luminosity function can be mil represented 
analytically by either an exponential or a power law between 0.5 x 10** and 2.0 x 
10*® erg s"\ which Is the Interval for which we have an acceptable number of 
representative clusters. Analytic fits must meet two boundary conditions: 

(1) the Integral of f(L) over all luminosities must be less than the total 
volume density of clusters In the survey, and (2) the total number of sources 
of all luminosities must be less than that predicted by the log N - log S 
curve. Exponential fits are generally well-behaved and do not violate these 
boundary conditions, while power law fits must be truncated to fit the con- 
straints. For an exponential of the form f(L) ■ Ke'^o, our calculated function 
Is fit by K ■ 20.2 x 10" 8 Mpc" 3 per 10** erg s" 1 , and l Q » 1.9 x 10** erg s" 1 
(2-10 keV). Upper limit data were not used In this calculation. The reduced 
for the exponential fit Is 0.92 per degree of freedom, and the 68X (1c) com- 
bined confidence Intervals for K and the e-foldlng luminosity are 32.2 to 10.2 x 
10“ 8 Mpc* 3 per 10** erg s" 1 and 1.5 to 2.5 x 10** erg s" 1 , respectively (Fig. 7). 
This representation can be extrapolated to zero and flnlty without violation of 
the boundary conditions. The integral over all luminosities is 

I m Ke“ L/L o dL - 0.3> x 10' 6 Mpc" 3 , 

o 

which Is 40% of the total sample cluster density, 0.95 x 10" 6 Mpc“ 3 . The number 
of clusters per steradlan in the sample volume brighter than 0.7 R15 predicted 
by the exponential Is 
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3.8 x 10 6 /“ lJ£ 2 f(L) dl 44 • S.O sr* 1 . 

The A-2 log N - log S curve predicts 21 per steradlan, so approximately 25% 
of all high galactic latitude X-ray sources may be expected to be clusters with 
kT > 2 keV. 

The observed luminosity function may also be modeled as a power law. 

If f (L) ■ KL^, then a reduced x Z of 0.97 per degree of freedom Is obtained for 
K ■ 23.3 x 10’ 8 Mpc” 3 per 10 4 * erg s and a ■ 2.03. The 68% combined confidence 
brackets for K and a are 11.0 x 10” 8 to 35.3 x 10’ 8 ty>c’ 3 per 10** erg s’ 1 and 
1.7 to 2.3 respectively. The power law cannot be extrapolated to zero and Infinite 
luminosity as the boundary conditions are violated. Between 0.5 x 10 and 2.0 x 
10 erg s , however, the constraints are satisfied; the Integral of f over the 
luminosities In this Interval Is 3.5 x 10*' Mpc" 3 and the number of sources 
predicted In this range Is 6.7 per steradlan 1 . 

^During the course of this work, spectroscopic redshlfts for our entire sample 
were obtained by Hlntzen, Scott and McKee (1980). These redshlfts change our 
values for K and L Q by about 20%. See the paper that follows for details. 

Given an analytic representation of f(L) one can then ask what the cluster 
contribution to the X-ray background Is. This contribution may be considered 
in two ways. The first is to simply calculate the Integrated volume emlsslvlty 
for the cluster luminosity function and compare it to the X-ray background volume 
emlsslvlty. We shall use the exponential representation of f (L) for this purpose 
as the power law result Is sensitive to the range of luminosities within which 
it Is considered valid. The cluster integrated volume emlsslvlty is thus 

/" L f(L) dL ■ 7.3 x 10 37 erg s’ 1 Mpc” 3 per 2-10 keV. 

0 

The volume emlsslvlty of the X-ray background depends upon various factors dis- 
cussed by Schwartz and Gursky (1975). For a universe in whlc-t q Q Is **. the 
Hubble constant Is 50 km/sec/Mpc, and z max * 3, the 2-10 keV background volume 


emlsslvlty Is 1.5 x 10 3 ® erg s"^ Mpc~ 3 and the cluster volume emlsslvlty Is 4.9% 
of this figure. The error In the cluster contribution Is less than would be 
Indicated by the error In the luminosity function parameters as these parameters 
and errors are highly correlated: x 2 tests give a 90% confidence bracket of 
4-8% for the percentage of X-ray background due to the clusters (Fig. 7). Volume emlsslvlties 
are not the most Informative comparison of background and clusters, however, 
because the two have widely different spectra. This brings us to the second, 
preferable method of expressing the cluster contribution, namely comparing back- 
ground and cluster intensities at given energies. To convert the cluster 
luminosity function and volume emissivity to intensities it is necessary to 
obtain B(E), the emissivity per keV. If we use the typical cluster spectrum 
(Mushotzky et al. 1978), and require that the integral of B(E) over 2-10 keV 

37 

equal the cluster volume emissivity calculated above, we find B(E) = 4.2 x 10 

E“0*4 erg s"^ Mpc -3 keV’^ . The intensity is related to B(E) by 1(E) = 

1/4tt * C/H 0 • B(E) • J(q 0 , E), where J is a spectrally dependent integral 

discussed by Avni (1978). For q Q = h and Z (l)ax = 3, J is 0.35 at 4 keV and 0.25 

at 10 keV, the X-ray intensity at 4 and 10 keV is thus 0.15 and 0.038 keV/(keV 
o 

sec c sr) respectively. The X-ray background at 4 and 10 keV is ^ 4.8 and 3.2 

2 

keV/(keV sec cm sr) (Marshall et al . 1980), so the percentage of the total 
X-ray background contributed by clusters at 4 keV is 3.1% and 10 keV is 1.2%. When 

one allows for the fact that cluster luminosities are uncertain to ^ 20% because 
of the uncertainty in cluster temperatures, and for the fact that the survey 
is only 80% complete, and adds these uncertainties to the statistical error 
in f(L), the maximum contribution at 4 and 10 keV is still less than 5% and 3% 
respectively, at 90% confidence. If the true value of the cluster contribution 
is indeed 1-5%, as found here, it would alleviate a problem found by Marshall 
et al . (1980) in modelling the X-ray background. Those authors found that thermal 
bremsstrahlung from a gas with kT = 40 keV fit the observed background spectrum 
well, provided that a large cluster contribution was not subtracted. Cluster 
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contributions as high as 20 or 30%, such as implied by previous luminosity 
functions (e.g. Schwartz 1978), would make a thermal fit to the background In 
the 2-10 keV band difficult. (Schwartz's (1978) data and results are not in 
conflict with our own, however, when his luminosity function is re-calculated 
using the revised 4U fluxes for clusters (Jones and Forman 1978)). 

Figures 8a and b compare the present luminosity function data with the 4U 
and 2A data base used by Schwartz (1978) and McHardy (1978) respectively. The 
data have been presented as integral luminosity functions, i.e. the sum of all cluster 
contributions corresponding to clusters brighter than a given luminosity. This 
integral, or sum, has been computed for luminosities corresponding to all the 
individual cluster luminosities, consequently each sequential point in Figure 8 
represents one less cluster in the sum than the one before it, and the difference 
between the points is the value of the differential luminosity function in that range 
of L. Schwartz and McHardy' s data have been re-computed in the same manner as our 
data, that is we have converted their luminosities to 2-10 keV luminosities (using 
kT = 7 keV) and limited Schwartz's maximum volumes to z = 0.07 since his complete 
sample includes only distance class three clusters, or closer, and limited McHardy 's 
maximum volumes to z = 0.1. McHardy's sample is not statistical nor optically complete, 
so the maximum volume allowable would be undefined, but beyond z = 0.1, most 
Abell clusters would not be recognized as X-ray clusters and so would not be in 
the sample volume. Given these modifications, Schwartz and McHardy's data are 
in agreement with our own (Figure 8). Without these modifications, these data 
disagree with ours above 10^ erg s \ where they predict 3x fewer clusters 
than we have actually seen. 
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Glven tht present constraints and capabilities of the A-2 experiment Me 

are confident that the luminosity function Is now well determined between S x 10"' 

erg s"^ and 10*® erg s"^. Beyond either of these limits, however, we cannot be 

sure that the luminosity function Is well represented by the analytic functions 

43 -1 

discussed. In particular, for clusters with luminosities below ^ 5 x 10 erg s , 

we expect that the cluster temperatures will fall well below the 'typical' cluster 

temperature of 7 keV assumed In order to calculate the luminosity. Clusters with 

temperatures £ 3 keV require a large correction In calculating the absolute flux 

and are also unlikely to be detected by A-2 since the Instrument sensitivity falls 

off sharply below 2-3 keV. As to effect of this on the cluster contribution to 

the X-ray background, the maximum possible value of the cluster contribution Is 

obtained If one extrapolates a power law fit made to the five least luminous 

clusters In our sample down to the lumlnslty at which the integral luminosity 

function (Fig. 7b) equals the space density of all Abell clusters. This luminosity 
43 -1 

Is 2 + 2 x 10 erg s . Below this luminosity, the most drastic assumption one 
can make Is that all the remaining Abell clusters have this X-ray luminosity. 

The maximum possible value (90% confidence) of the volume emissivity thus obtained 
Is then 81 of the X-ray background. This Is consistent with the upper limit of 
7% which McHardy (McHardy, private communication; Warwick 1979) has obtained from 
the tA data base, once it was corrected for confusion noise and non-uniform sky 
coverage. 

V. SUMMARY 

We have examined a statistically complete sample of 225 Abell clusters 
and have found 

1. twelve new identifications of clusters with X-ray sources. 

2. that L x is roughly correlated with richness for richness classes 
O, 1 and 2 t 

3. that L x Is well -correlated with Rood-Sastry type and only loosely 
correlated with Bautz-Morgan type, and 


- 15 - 


4. that the luminosity function has been over-estimated in the past 
and that the cluster contribution to the X-ray background is £ 5% 
between 2 and 10 keV. 

The present survey and luminosity function is the best that can be 
done with the existing optical catalog and the HEAO A-2 data. Increased 
sensitivity in the X-ray regime, such as represented by HEAO-2, will help in 
determining the luminosity function, but there will be severe optical completeness 
problems and the large kT correction which will be unknown for the low temper- 
ature, low luminosity clusters discovered by HEAO-2. In a subsequent paper, we 
will present kT's for the clusters in this paper. Beyond this, southern catalogs 
of clusters must be completed before further progress can be made with the A-2 
experiment. 
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TABLE CAPTIONS 


Table 1 - Clusters of galaxies detected as X-ray sources. Fluxes are In j j 

R15 units (fc 1 1JFU) . intensities do not Include confusion noise, but 
or fluxes greater than 1.0, this Is a very small error. 

Table 2 - 90% error boxes for detections. 

Table 3 - Upper limits for non -detect Ions with lo errors. For some sources 
distance of emission centroid from cluster Is given In degrees. 

Table 4 - 2-10 keV e-folding luminosities vs. Bautz-Morgan type, Rood-Sastry 
type and Abell richness class. The upper and lower limits are for 
68% confidence. 

Table 5 - Differential X-ray luminosity function. Luminosities are 2-10 keV 

in units of 10^ erg sec"^ . T x Is the average luminosity for the bln, 
f(L) is the computed luminosity function, o is the standard deviation 
(Felten 1976) and the number of clusters in the bin is listed along 
with exponential fit to f(L). 





TABLE 





TABLE 2. 1950 RA/DEC 



228.36 007.09 227.60 007.79 227.34 006.93 229.13 006.40 229.39 007.26 1.62 
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APPENDIX 


In the course of the cluster survey, all clusters In the Leir-van den Bergh 
catalog of distance class <_ 4 were investigated. Six of these clusters were 
detected but are not In Abell's (1958) statistically complete survey space, ^nd thus 
were not Included In our sample on Tables 1 or 2. The fluxes and error boxes for 


these clusters are tabulated 

below In Tables 

1A and 2A. 






TABLE 1A 





NAME 

FLUX 

L 44 

z 

Ref. 1 

R 

BM 

0 

A262 

0.32 + 0.23 

0.38 

0.017 

LV 

0 

III 

1 

A592 

0.57 + 0.23 

1.7 

0.052 


1 

I: 

3 

A644 

1.26 + 0.22 

9.9 

0.084 


0 

III: 

4 

A754 

3.96 + 0.28 

10.4 

0.052 

LV 

2 

I -I I : 

3 

A2319 

6.10 + 0.17 

12.7 

0.044 

LV 

1 

II-III 

3 

A2666 

1.06 + 0.20 

0.85 

0.0273 

V 

0 

III 

1 

^See Table 1 fo^ redshlft references 






TABLE 2A 1950 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

A262 

027.79 

035.81 

028.54 

036.67 

026.44 

A592 

144.80 

009.61 

114.63 

010.31 

116.03 

A644 

123.52 

-007.13 

124.20 

-006.42 

122.86 

A754 

136.56 

-009.50 

136.79 

-009.32 

136.02 

A2319 

289.8 

043.87 

290.40 

043.90 

290.30 


027.395 358.20 


RA/DEC 


(7) 

(8) 

(9) 

(10) 

(ID 

(12) 

035.95 

026.71 

035.02 

029.09 

035.76 

1.75 

010.09 

115.80 

008.91 

114.43 

009.13 

1.95 

-006.14 

122.46 

-007.58 

123.80 

-007.91 

2.00 

-009.07 

135.87 

-009.54 

136.64 

-009.80 

0.39 

044.14 

228.40 

043.65 

288.50 

043.45 

0.36 

026.90 

356.39 

026.55 

358.30 

026.92 

0.52 


A2666 357.37 


027.25 356.25 
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Figure 1 


Figure 2 

Figure 3 
Figure 4 

Figure 5 
Figure 6 - 

Figure 7 
Figure 8 ■ 


- X-ray luminosity vs. Bautz -Morgan type for clusters 
brighter than 0.7 R1S counts. The estimated error 
in luminosity is 20% due to uncertainty in a. Rich- 
ness class 2 dusters are in bold outlines; approx- 
imate upper limits for non-detections in distance 
classes 1-4 are indicated by arrow heads next to 
number represented. 

Percentage of detections as X-ray sources among 
the Bautz-Morgan classes. Brackets indicate number 
of actual detections. 

- X-ray luminosity versus Rood-Sastry type. 

- X-ray luminosity versus Abell richness class for clusters 
brighter than 0.7 R15. Three richness class 3 clusters 
were also in the sample, of which none were detected. 

- Percentage of detections as X-ray sources among the 
richness classes. Numbers in brackets indicate actual 
number detected. 

2-10 keV differential X-ray luminosity function, la error bars 

are shown, but are slightly misleading as this is a log-log plot. 

The dashed line is the best exponential fit. 

2 

x contours for the parameters of the exponential fit to the 

luminosity function. Contours for 68% and 90% confidence are shown. 

. 2 

Minimum x is indicated by cross. 

Comparison of HEAO A-2 Integral luminosity function (solid points) 
with those from Ariel 5 (McHardy 1978) and Uhuru (Schwartz 1979). 

The dashed line represents the possible error due to the uncertain 
distance limits of 0 = 4 clusters. The left hand box is plotted on 
a semi-log scale while the right hand box is log-log. 
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